Introduction
Ectopic ossification is a complex process characterized by the formation of ectopic bone or the deposition of calcium phosphate complexes within muscles, connective tissue, or nerves in aberrant locations (1) (2) (3) (4) . The ossification processes may be caused by heredity, surgical intervention or trauma (2, 3) .
Common diseases for ectopic ossification include diffuse idiopathic skeletal hyperostosis, ankylosing spondylitis, osteoarthritis, and other heritable disorders of vascular and skin mineralization (2, 4) . The molecular mechanism of ectopic ossification has always been a concern, but the exact pathogenic mechanism remains elusive. At present, in the surgical setting, the two most common preventative modalities are radiotherapy and indomethacin, a non-steroidal anti-inflammatory drug (NSAID), but both treatment modalities carry the risk of particular side effects (2) , therefore, effective treatment is extremely urgent.
The endoplasmic reticulum (ER) is a cellular compartment that plays a critical role in protein synthesis, folding, and transportation including important proteins in osteoblast differentiation, such as osteocalcin and collagen (5) . Efficient functioning of the ER is essential for cellular function and survival. Once ER homeostasis is disrupted in a number of cellular stress conditions, such as UV, viral infection, nutritional deprivation and others (6) , unfolded and misfolded proteins will accumulate in the ER lumen, resulting in ER stress, and the unfolded protein response (UPR) occurs (7) (8) (9) (10) (11) (12) . The ER stress response PERK-eIF2α-ATF4 pathway can be activated. Zhang et al. (13) reported PERK was required for prenatal and postnatal bone development. PERK was responsible for highly phosphorylated eIF2α, in Perk-/-mice, and the secretory pathway in osteoblasts cannot efficiently process and secrete procollagen, which caused severe skeletal dysplasias. Wei et al. (14) also found PERK was essential for neonatal skeletal development to regulate osteoblast proliferation and differentiation. Perk-/-mice were severely osteopenic, which was caused by a deficiency in the number of mature osteoblasts, impaired osteoblast differentiation, and reduced type I collagen secretion. Atsushi Saito et al. (15) demonstrated that ATF4 expression and function were influenced by the loss of PERK in vivo and in vitro and confirmed that ER stress during osteoblast differentiation activated PERK-eIF2α-ATF4 signaling followed by the promotion of gene expression essential for osteogenesis such as osteocalcin (OCN) and bone sialoprotein (BSP). Numerous reports have suggested ER stress occurs and is involved in osteoblast differentiation, however whether ER stress is associated with ectopic ossification remains uninvestigated.
TUDCA is a bile acid present in human bile at a low concentration and has a very good safety profile, and the normal concentration range in human plasma is 0.4-4 μM. It has been proved that TUDCA can enhance ER folding ability to prevent protein aggregation and thus protect cells against ER stress (16) . TUDCA has been widely used in treatment of disease, such as, cholelithiasis, cholestatic liver disease, diabetes mellitus, obesity, and atherosclerosis, it works via preventing ER stress, as a classical ER stress inhibitor (17) (18) (19) (20) (21) (22) . Studies have demonstrated that TUDCA could markedly prevent Aortic valve (AV) calcification, and attenuate AV osteoblastic differentiation in both rabbit and mouse models of AV calcification via inhibition of ER stress and could suppress oxidized low density lipoprotein (oxLDL)-induced osteoblastic differentiation in cultured valvular interstitial cells (VICs) (23) and could alleviate advanced glycation end product-induced apoptosis and osteoblastic differentiation of stromal cells via alleviating ER stress (22, 24) .
In this study, we induced NIH3T3 cells mineralization with 3 mM inorganic phosphate (NaPO 4 , Pi), treated with different amounts of TUDCA (0.1, 1, 5, 10 μM), examined the important indicators of osteoblastic differentiation and mineralization and ER stress response to investigate if ER stress is associated with ectopic ossification and can TUDCA inhibit fibroblasts ectopic ossification via supressing the ER stress response PERKeIF2α-ATF4 pathway.
Materials and Methods

Cell culture and treatment
NIH3T3 cell line was acquired from the Cell Bank of Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China), and cultured in Dulbecco's modified Eagle's medium (DMEM) (Gibco, Carlsbad, CA, USA) supplemented with 10% (v/v) fetal bovine serum (Gibco, Carlsbad, CA, USA), 100 U/mL penicillin, and 100 μg/mL streptomycin in a humidified 5% CO 2 atmosphere at 37°C. The cells were cultured either in basic or osteogenic medium (OM) supplemented with 3 mM inorganic phosphate (NaPO 4 , Pi) (Sangon Biotech, Shanghai, China) as described previously (25) . Different concentrations (0.1, 1, 5, 10 μM) of TUDCA (Santa Cruz, USA) were added as indicated.
Quantitative real-time polymerase chain reaction (RT-qPCR) analysis
Total RNA was isolated from the cultures using the TRIzol reagent (Invitrogen, USA) according to the manufacturer's protocol. First-strand cDNA was synthesized with ReverTra Ace qPCR RT kit (Toyobo, Osaka, Japan). RT-PCR was performed with THUNDERBIRD SYBR qPCR Mix (Toyobo, Osaka, Japan) using LightCycler 480 thermocycler (Roche Applied Science, Mannheim, Germany). Relative mRNA levels of all genes were first normalized to the levels of 36B4 and then normalized to the average of negative control group levels. The primer sequences for the transcripts quantified by this method are shown (Table 1 ).
ALP avtivity assay
NIH3T3 cells were cultured with osteogenic medium (OM) for 9 days and then treated with TUDCA at given concentrations as described above in basic 
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Measurements in each experiment were run in triplicate. For quantitative data, results are reported as the mean ± S.D. To determine the differences between groups, one-way analysis of variance (ANOVA) was carried out using SPSS software (version 17.0), with significance accepted at p < 0.05.
Results
Effects of TUDCA on the expression of osteoblastspecific markers in Pi-induced NIH3T3 cells
RT-qPCR was performed to measure the expression of osteoblast-specific markers including Runx2, Col1a1, ALP and OCN. As shown in Figure 1 , compared with the osteogenic group, the mRNA expression of Runx2, Col1a1, ALP and OCN significantly decreased at 24 hours or 9 days with treatment of various concentrations of TUDCA (0.1, 1, 5, 10 μM) in a dose-dependent manner. However, the osteogenic group mRNA expression of ALP also decreased compared with the negative control group at 9 days.
TUDCA inhibited ALP activity of NIH3T3 cells induced by inorganic phosphate
ALP activity was assessed as an important indicator of osteoblastic lineage to study the effect of TUDCA on osteogenic differentiation. ALP activity was medium for 24 hours, ALP activity was performed by the standard protocols. Briefly, NIH3T3 cells were washed with phosphate-buffered saline (PBS) (pH 7.4) and lysed with non-denatured tissue/cell lysate, RIPA (Solarbio, China). ALP activity was assayed using the commercial kit (LabAssay ALP kit, Wako, Japan), and protein content was determined with BCA protein assay (Beyotime, Shanghai, China). ALP activity was normalized by the protein content.
Mineralization analysis
For mineralization analysis, NIH3T3 cells were cultured with osteogenic medium (OM) treated with TUDCA at given concentrations as described above for 14 days. Mineralization was determined using Alizarin Red-S (AR-S) staining kit (GENMED, USA) by the standard protocols. For quantitation of mineralization analysis, the stained cultures were incubated with 10% (w/v) cetylpyridium chloride at 37°C for 1 h, optical density of the supernatant was measured at 562 nm.
Quantification of calcium deposition
NIH3T3 cells were cultured with osteogenic medium (OM) treated with TUDCA at given concentrations as described above for 9 days. Calcium deposition in the plates was quantified by the o-cresolphthalein complexone method using a calcium colorimetric assay kit (Sigma, USA) in accordance with the manufacturer's instructions. Briefly, cells were washed with trisbuffered saline and decalcified using 0.6 N HCl for 24 hours at room temperature, and the calcium content of HCl supernatants was subsequently subjected to calcium colorimetric assay. After decalcification, each cell layer was washed with PBS and solubilized with 0.1 N NaOH containing 0.1% SDS. The protein concentration was measured with BCA protein assay (Beyotime, Shanghai, China). The calcium content of the cell layer was normalized to protein content.
Western blot analysis
Proteins were extracted from NIH3T3 cells under the designated conditions using Western Blot-IP lysis buffer (Beyotime, Shanghai, China). The lysates were incubated on ice for 45 min. After centrifugation at 14,000 × g for 15 min, the soluble proteins in the extracts were quantified. Protein-equivalent samples were subjected to SDS-PAGE for Western blotting. The following antibodies were used: anti-P-eIF2α (1:1,000, CST, USA), anti-T-eIF2α (1:1,000, CST, USA), anti-ATF4 (1:1,000, PTG, China), anti-Runx2 (1:1,000, Stan Cruz, USA), anti-β-actin (1:1,000, PTG, China). Immunoreactivity was determined using enhanced chemiluminescence (ECL) (Millipore Corporation, Billerica, MA, USA) chemiluminescence reaction. determined at 10 days (osteogenic induction for 9 days and treatment with TUDCA in basic medium for 24 hours). As shown in Figure 2 , with osteoblast induction, ALP activity increased, when treated with various concentrations of TUDCA, ALP activity significantly decreased in a dose-dependent manner (21%, 34.8%, 35%, and 37.2% decreases with 0.1, 1, 5 and 10 μM of TUDCA, respectively). These data suggest that TUDCA can significantly inhibit ALP activity during osteogenic differentiation in NIH3T3 cells in a dose-dependent manner.
TUDCA inhibited mineralization of NIH3T3 cells induced by inorganic phosphate
To evaluate the effect of TUDCA on mineralization in the NIH3T3 cells matrix, alizarin red staining was performed at 14 days with osteogenic induction in the presence or absence of TUDCA at given concentrations. As is shown in Figure 3A , obvious matrix mineralization can be observed, but mineralization decreases with TUDCA treatment, the higher the concentration of TUDCA the more obvious inhibition. The quantitation of mineralization data ( Figure 3B ) suggests that TUDCA can significantly inhibit mineralization of NIH3T3 cells during osteogenic differentiation in a dose-dependent manner (3.5%, 8.3%, 10.4%, and 12.6% decreases with 0.1, 1, 5 and 10 μM of TUDCA, respectively).
Effects of TUDCA on calcium deposition of NIH3T3 cells induced by inorganic phosphate
To further evaluate the effect of TUDCA on calcification in NIH3T3 cells, quantification of calcium deposition was examined at 9 days under different conditions. In basic medium, NIH3T3 cells accumulated very little calcium mineral, in contrast, in the presence of 3 mM Pi, calcium deposition dramatically increased as shown in Figure 4 (calcified group versus uncalcified control: 41.5), but calcium deposition in NIH3T3 cells decresaed with TUDCA treatment (4.7%, 14%, 14.6%, and 32.6% decreases with 0.1, 1, 5 and 10 μM of TUDCA, respectively).
ER stress is activated by inorganic phosphate in NIH3T3 cells
To determine whether ER stress is activated by inorganic phosphate in NIH3T3 cells compared to other conditions, such as thapsigargin and tunicamycin (6), the expression of total and phosphorylated eIF2α in ER stress response mediated PERK-eIF2α-ATF4 signaling was evaluated by Western blot analysis. In Figure 5 , inorganic phosphate (NaPO 4 , Pi) was shown to induce phosphorylated eIF2α, especially at 6 hours and 48 hours, while no significant change occurred in the level of total eIF2α. Western blot analysis revealed Pi could stimulate ER Stress, like thapsigargin and tunicamycin.
TUDCA inhibits the ER stress response PERK-eIF2α-ATF4 pathway in NIH3T3 cells induced by inorganic phosphate
To further address the mechanism by which TUDCA inhibits Pi-induced NIH3T3 osteoblastic differentiation and mineralization, we examined the levels of total and phosphorylated eIF2α and ATF4 in the ER stress response PERK-eIF2α-ATF4 pathway in NIH3T3 cells induced by inorganic phosphate. As depicted in Figure 6 , Western blot analysis demonstrated TUDCA significantly attenuated phosphorylation of eIF2α and ATF4, while no significant changes in the level of total eIF2α. Runx2 occurred, as a master regulator of osteoblast differentiation and bone formation, was examined, as depicted, TUDCA also attenuated the expression of Runx2. Together with other results, these results indicate that TUDCA can inhibit NIH3T3 fibroblast mineralization via suppressing the ER stress response PERK-eIF2α-ATF4 pathway.
Discussion
NIH3T3 is a fibroblastic cell line with osteoblastic potential similar to C3H10T1/2 cells and MC3T3 cells, and can be induced into osteoblastic differentiation and mineralization in vitro (26) , although it does not retain an ability to differentiate into osteoblast-like cells and is often used as a negative control during the study of osteoblastogenesis. As a mineralization inducer, inorganic phosphate (NaPO 4 , Pi) has been widely used to induce osteoblast differentiation and mineralization (25, 27) , and Beck GR Jr et al. (25) has reported inorganic phosphate (Pi), as an inducer, can induce osteopontin expression in NIH3T3 cells in response to increased phosphate levels similar to the effect seen in MC3T3-E1 cells, namely, inorganic phosphate (NaPO 4 , Pi) can induce osteoblastic differentiation and mineralization in NIH3T3 cells. Therefore, in this study, inorganic phosphate (Pi)-induced NIH3T3 fibroblasts induced osteogenesis and mineralization was used as an in vitro model for ectopic ossification.
Ectopic ossification occurs in a wide range of common and genetic diseases, but its molecular mechanisms and effective therapeutic targets remain to be clarified. In this study, we first explored the effect of TUDCA on the NIH3T3 fibroblast mineralization in vitro model for ectopic ossification. Runx2 is a crucial transcription factor, is expressed in the earliest stage of osteogenic differentiation, and can trigger osteoblast differentiation as well as bone ECM proteins collagen type I (Col1a1) and osteocalcin (OCN) (28, 29) . ALP is an early marker of osteogenic differentiation. Col1a1 is the key for extracellular matrix (30) . OCN is an osteoblast-specific marker for the late stage of osteoblast differentiation (15) . Therefore, the expression of important osteoblast-specific genes, Runx2, Col1a1, ALP and OCN were assayed at 24 hours or 9 days. RT-qPCR results demonstrated that TUDCA significantly inhibited osteoblast-specific gene expression, and in addition, ALP activity, as an important indicator of osteoblastic differentiation also was assessed. Together with Alizarin Red-S (AR-S) staining and quantitation of mineralization and calcium deposition assays, all of these results indicated TUDCA could play an inhibition role in a dosedependent manner in NIH3T3 cells during osteogenic differentiation. Therefore, we can conclude that TUDCA can inhibit ectopic ossification as a chemical chaperone.
A number of cellular stress conditions, UV, viral infection, and nutritional deprivation can trigger ER stress, and ER stress can also be induced by thapsigargin and tunicamycin (6) . In this study, we also further demonstrated that ER stress could be activited by inorganic phosphate (Pi) in NIH3T3 fibroblasts, like thapsigargin and tunicamycin. Reports have suggested ER stress was induced during osteoblast differentiation and could activate ER stress response PERK-eIF2α-ATF4 pathways (13) (14) (15) . In the PERK-eIF2α-ATF4 pathway, active PERK phosphorylates eIF2α, specifically promoting the translation of the activating transcription factor 4 (ATF4). ATF4 has been proven to be a critical transcription factor downstream of PERK signaling branches of ER stress, ATF4 can not regulate osteocalcin and bone sialoprotein transcription but also preserves mature osteoblast function including the synthesis of collagen, the most abundant extracellular protein found in bones (15) . As a classical ER stress inhibitor, TUDCA has been proven to decrease the expression of phosphorylated eIF2α and ATF4 (16) (17) (18) (19) (20) (21) (22) . In a recent study, Zhejun Cai et al. (23) , found that TUDCA protected against oxLDL-induced ER stress in VICs, significantly suppressed osteoblastic differentiation and protected against hypercholesterolemia-induced AV calcification in animal models. Therefore, in our study, we also investigated the effect of TUDCA on ER stress response mediated PERK-eIF2α-ATF4 pathway in an in vitro model for ectopic ossification, found TUDCA significantly suppressed the expression of phosphorylated eIF2α and ATF4, and the result is consistent with previous reports. Runx2, as a master regulator of osteoblast differentiation and bone formation, was examined, and TUDCA also attenuated the expression of Runx2. Taken together, we conclude ER stress is involved in ectopic ossification and TUDCA can inhibit mineralization via alleviating ER stress.
In addition, the chemical chaperone TUDCA has been proven to be protective in various diseases, such as, diabetes mellitus, obesity, and atherosclerosis, via prevention of ER stress. Previous reports show TUDCA enhances the adaptive capacity of ER, increases insulin sensitivity and reverses type 2 diabetes in obese mice by decreasing ER stress in the hypothalamus (16) and can alleviate advanced glycation end product-induced apoptosis and osteoblastic differentiation of stromal cells via alleviating ER stress (22, 24) . It was also discovered that TUDCA could decrease the lipid content of adipocytes and reduce body mass in obese humans by attenuation of ER stress (31, 32) and prevent both the maturation of adipocytes from preadipocytes and weight gain in ob/ob mice by decreasing ER stress (33, 34) . Therefore, based on these facts, TUDCA might lead to a novel therapeutic approach in ectopic ossification associated diseases.
In conclusion, our results indicate that TUDCA can inhibit fibroblast's mineralization via suppressing the ER stress response PERK-eIF2α-ATF4 pathway. These findings provide novel insights into the mechanisms of ectopic ossification and TUDCA has potential pharmacologic and therapeutic applications for treating ectopic ossification associated diseases.
